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Fig. 1. Comparison of the SINR at the output of the MMSE-BDFE for
different users versus transmission frame index, i.e., time. The number of
errors corresponding to the SINR is also shown. There were two users in the
system, transmitting at E =N = 10 dB, and the 4-QAM modulation mode
was used. The remaining system parameters are summarized in Table I, and the
CIR is plotted in Fig. 2.
widely used in the community. A seven-path Bad Urban COST
207 channel was used, and the CIR can be seen in Fig. 2. Per-
fectchannelestimationwas assumed,providing anupperbound
performance estimate. The uplink scenario was investigated by
allowing each user to have independent fading in its channel.
Fig. 1 shows the variation in signal-to-(interference plus
noise) ratio (SINR) at the output of the MMSE-BDFE and the
number of errors per burst for different users over a period of
time, where dB and the 4-QAM modulation mode
was used. The remaining system parameters are summarized in
Table I, while the CIR profile is plotted in Fig. 2. Fig. 1 shows
that the output SINR of the MMSE-BDFE varies over time and
that the variation in output SINR is different for different users.
This suggests potential advantages in combining AQAM with
JD-CDMA.
To choose the modulation mode for AQAM transmission, the
SINR at the output of theMMSE-BDFE was estimated by mod-
ifying theexpression givenin [27] with the assumptions that the
data bits and noise values were uncorrelated, i.e., and
. For the th symbol in the data vector, of (1), its
signal power is represented by . Therefore, the data covari-
ance matrix is a diagonal matrix , where each element on
its diagonal is the signal power, i.e., . The symbol
representsthenoisevariance,andthenotation indicatesthe
TABLE I
SIMULATION PARAMETERS FOR THE ADAPTIVE CDMA SYSTEMS.
THE CIR PROFILE IS SHOWN IN FIG.2
Fig. 2. Bad Urban seven-path COST207 channel used in the simulations [32].
identity matrix. Then the output SINR for the th symbol of the
th user is given by
(8)
for . The square matrix is a diagonal
matrix,wherealltheelementsonthemaindiagonalarethesame
real-valuedelementsasthoseonthemaindiagonalofthematrix
in (5). The notation indicates the element in the th
row and th column of the matrix . The average output SINR
of an entire burst for the th user is obtained by summing and
averaging the SINR values for each symbol
(9)
where represents the number of data symbols per user per
burst.
We investigated triple-mode AQAM schemes. The modula-
tion mode was switched among BPSK, 4-QAM, and 16-QAM,
allowing the bit rate to vary from the minimum of 1 bit per
symbol to the maximum of 4 bits per symbol. The output
SINR was estimated on a burst-by-burst basis and used as the1484 IEEE TRANSACTIONS ON VEHICULAR TECHNOLOGY, VOL. 51, NO. 6, NOVEMBER 2002
Fig. 4. The probability of each modulation mode’s being chosen for
transmission in a triple-mode (BPSK, 4-QAM, 16-QAM) two-user
AQAM/JD-CDMA system.
used dB and dB. We also plotted in Fig. 3 the
BER performance of fixed-mode BPSK, 4-QAM, and 16-QAM
transmissions for reference.
At low values of , the BPSK mode was chosen with
a higher probability, as demonstrated in the modem mode
probability distribution function (pdf) of Fig. 4, thus reducing
the throughput. However, as was increased, the channel
quality improved, thus allowing the 4-QAM and 16-QAM
modes to be activated more often. This resulted in an increased
average BPS performance. Both AQAM systems were capable
of maintaining the target BER of 1% or better. However, the
more aggressive thresholds of dB and dB gave
a higher BPS throughput performance, achieving the maximum
of 4 BPS at dB.
The effect of increasing the number of CDMA users in the
system was investigated, comparing and . The results
are presented in Fig. 5. From the figure, it can be seen that the
performancecurvesforthedifferentnumberofusersmatcheach
other quite closely, with only a slight performance degradation,
when was increased from two to eight. This is because the
MMSE-BDFE was capable of reducing a significant amount of
the MAI by utilizing all the available information regarding the
spreading sequences and channel estimates.
In our previous simulations, perfect SINR estimation was as-
sumed. Therefore, an investigation on the effect of imperfect
SINR estimation on the AQAM system was conducted, and the
results are presented next. Instead of assuming perfect SINR es-
timation, the output SINR was calculated at the joint detection
receiver using the spread sequences and the channel estimates
of the received burst. This SINR estimate was then passed on to
the transmitter and used as the switching criterion for the next
frame to be transmitted. The accuracy of the SINR estimate was
thereforedependentuponthespeedatwhichthemobilechannel
varied. If the channel variations were slow, then the imperfect
SINR estimation had a small impact on the chosen modulation
mode. Conversely, if the channel variations were fast, then the
SINR calculations were less reliable, inflicting a performance
degradation. Fig. 6 shows the effects of imperfect SINR estima-
Fig. 5. BER and throughput (BPS) performance comparisons for K = 1;2;
and 8 users in a triple-mode AQAM/JD-CDMA system. The modulation
modes used for transmission were BPSK, 4-QAM, or 16-QAM. The simulation
parameters are listed in Table I, and the simulations were conducted over the
seven-path Bad Urban channel model of Fig. 2.
Fig. 6. BER and BPS throughput performance comparisons for a triple-mode
AQAM system assisted by perfect and imperfect SINR estimation over the
seven-path Bad Urban channel of Fig. 2 at a Doppler frequency of 80 Hz.
The symbols t and t represent the switching thresholds from BPSK to
4-QAM and from 4-QAM to 16-QAM, respectively. The rest of the simulation
parameters are listed in Table I.
tion on the triple-mode AQAM-CDMA system. In our simula-
tions,theTDMA framestructureofFRAMESMode1wasused
[22], where there were eight bursts per TDMA frame. A worst
case scenario was assumed, where a user transmitted one burst
per TDMA frame, which led to an eight-burst latency in SINR
estimation. The rest of the simulation parameters are listed in
Table I.
The imperfect SINR estimation results were compared with
theperfect-estimationsystemthatusedtheswitchingthresholds
of dB and dB.Twosetsofthresholdsweretested
for the imperfect-estimation system. The first set was the same
as that of the perfect-estimation system, but the second set was
a higher set of thresholds at dB and dB. In the
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next section we introduce adaptive trellis coded modulation and
turbo TCM, which allow us to mitigate the effects of transmis-
sion errors without any bandwith expansion. We will show that
further BPS throughput gain can be attained.
IV. ADAPTIVE CODED MODULATION
A range of adaptive TCM schemes have been investigated
in the literature for transmission over narrow-band fading
channels [23], [55]–[57]. In particular, adaptive trellis-coded
M-ary PSK was considered in [55], and coset codes were
applied to adaptive trellis-coded M-ary QAM in [56]. However,
these two results were based on some idealized assumptions,
such as perfect channel estimation and zero feedback delay.
In [57], adaptive TCM using outdated fading estimates was
investigated. Recently, the performance of adaptive TCM based
on practical considerations such as channel estimation noise,
feedback noise, and feedback delay was evaluated in [23]. It
was found in [23] that the adaptive TCM scheme is robust in
most practical situations.
By contrast, in this section, the performance of the TCM [58]
assisted burst-by-burst AQAM JD-CDMA scheme is evaluated
when communication is over wide-band fading channels. Im-
perfect SINR estimation was invoked and the worst case sce-
nario was assumed, where an eight-burst latency was incurred
in SINR estimation. The uncoded triple-mode AQAM system’s
performance assisted by imperfect SINR estimation, as studied
in Fig. 6, was compared to that of the TCM assisted AQAM
system.
TCM is a powerful forward error correction (FEC) scheme
that combines the functions of coding and modulation. It is a
bandwidth-efficient scheme that has been widely recognized
as an excellent error-control technique suitable for applica-
tions in not only fixed Gaussian channels but also mobile
communications [59], [60]. The basic idea of TCM is that
instead of sending a symbol formed by m information bits—for
example, one information bit for BPSK—we introduce a
parity bit while maintaining the same effective throughput of
m bit/symbol by doubling the number of constellation
points in the original constellation to four, i.e., by extending
it to 4-QAM. As a consequence, the redundant bit can be
absorbed by the expansion of the signal constellation instead
of accepting a 100% increase in the signalling rate, i.e., band-
width. A positive coding gain is achieved when the detrimental
effect of decreasing the Euclidean distance of the neighboring
phasors is outweighted by the coding gain of the convolutional
coding incorporated. In conventional uncoded schemes, Gray
signal labeling is utilized for increasing the Euclidean distance
between the transmitted symbols. By contrast, TCM schemes
invoke set partitioning (SP)-based signal labeling in order to
achieve a higher Euclidean distance between the unprotected
bits of the constellation, so that parallel trellis transitions can
be associated with the unprotected data bits. This reduces the
decoding complexity. In TCM, a symbol-based random channel
interleaver is utilized for dispersing the bursty channel errors.
TTCM [61], is a more recent joint coding and modulation
schemethathasastructuresimilartothatofthefamilyofpower-
efficient binary turbo codes [62] but employs TCM schemes as
component codes. However, TTCM only exhibits superior per-
formance over TCM when the turbo interleaver length used is
sufficiently long. There are 56 data symbols in one transmis-
sion burst of the TDMA frame structure used [22], which is in-
sufficiently long for achieving a good TTCM performance. The
performance of TTCM would be improved using interleaving
over several transmission bursts. However, the latency associ-
ated with interleaving over several transmission bursts is often
unacceptable. Therefore, based on the results of our prelimi-
nary experiments using fixed modulation modes, which will be
portrayed in Fig. 14, TTCM was not employed in the AQAM
system.
In our TCM-assisted burst-by-burst AQAM system, a code-
word length of 56 symbols was employed so that there was
no increase of latency upon utilizing the TCM scheme, since
the received burst was decoded on a burst-by-burst basis. The
uncoded triple-mode AQAM system utilized BPSK, 4-QAM,
and 16-QAM modulation schemes, providing the throughputs
of 1, 2, and 4 bits/symbol. To compare the TCM-based scheme
with the uncoded triple-mode AQAM system using the same
bandwidth, a TCM-assisted quadruple-mode AQAM system
was constructed. The quadruple-mode TCM-assisted system
utilized TCM-4-QAM, TCM-8-PSK, TCM-16-QAM, and
uncoded-16-QAM while maintaining the throughputs of 1, 2,
3, and 4 bits/symbol. The coding rate of TCM is m m ,
where m denotes the number of information bits per modulated
symbol. The generator polynomials of the TCM codes having
a memory of three were summarized in Table V. A spreading
factor of length is used, and the rest of the simulation
parameters are listed in Table I.
Fig. 14 shows the performance of the TCM- and TTCM-as-
sisted fixed-mode modulation schemes as well as that of the
uncoded modulation schemes for CDMA users com-
municating over the seven-path Bad Urban channel of Fig. 2,
which was fading at a Doppler frequency of 80 Hz. Let us com-
pare the coding gain of the TCM schemes against that of the
uncoded modulation arrangements having the same bandwidth
and throughput at a BER of 10 when communicating over
the seven-path Bad Urban COST 207 channel of Fig. 2. For
a throughput of 1 bit/symbol, TCM-4-QAM exhibited a 2-dB
coding gain against uncoded-BPSK, while for a throughput of
2 bits/symbol, TCM-8-PSK exhibited less than 1-dB coding
gain against uncoded-4-QAM. For a turbo interleaver length of
56 symbols, TTCM exhibited no advantage over the less com-
plex memory three constituent TCM codes, as we can observe
from Fig. 14.
In light of the above study, TCM schemes were utilized
for assisting the burst-by-burst AQAM JD-CDMA system
designed for a target BER of 10 using imperfect SINR
estimation. Our BER performance and BPS throughput com-
parisons for CDMA users were plotted in Fig. 15 using
the uncoded triple-mode AQAM system and the TCM-assisted
quadruple-mode AQAM JD-CDMA system. The BER curves
of the AQAM systems followed the trends of their lowest
throughput modulation mode and highest throughput modula-
tion mode in the low and high SNR regions, respectively. At
medium SNRs, the BER curves of the AQAM systems were
maintained at a target BER of 10 by switching between